Abstract -Weather forecasting, hurricane tracking and atmospheric science applications depend on humidity sounding of atmosphere. Current instruments provide these measurements from ground based, airborne and LEO satellites by measuring radiometric temperature on the flanks of the 183 GHz water vapor line. We have developed miniature low noise receivers that will enable these measurements from a geostationary thinned array sounder. This geostationary instrument is based on hundreds of low noise receivers that convert the 180 GHz signal directly to baseband in-phase and quadrature signals for digitization and correlation. The developed receivers provided a noise temperature of 450 K from 165 to 183 GHz (NF=4.1 dB) and had a mass of 3 g while consuming 24 mW of power. These are the most sensitive broadband I-Q receivers at this frequency range that operate at room temperature, and are significantly lower in mass and power consumption than previously reported receivers.
I. INTRODUCTION
This research supported instrument development for answering the question "How are global precipitation, evaporation, and the cycling of water changing?" by providing 180 GHz radiometer technology needed for studies of the Global Water and Energy Cycle. The 180-GHz sounding band is used to obtain vertical profiles of water vapor (and to some extent liquid water). This requires a strong water absorption line such as the one at 183.3 GHz. The sounding spectral ch�nels are positioned in the flanks of this line (e.g. AMSU LEO instrument uses bands 2,3,7 and 17 GHz from the line), to provide a range of opacities and thus penetration depths into the atmosphere. By combining the measurements from different depths it is possible to reconstruct the vertical distribution of the absorbing/emitting water vapor. Continuous measurements of atmospheric temperature and humidity provide a key missing link in the climatic data record and weather forecasting. This continuous record is only feasible through measurements obtained from a geostationary orbiting microwave sounding instrument. The current JPL built and commercial water vapor radiometers have mixer front ends and achieve NT=1500 .. 2500 K (NF=7.0 ... 9.8 dB) in double sideband (DSB) measurements
[ 1], [ 2] . Recent mixer results show NT=500 .. 600 K (NF=4.4 .. .4.9 dB) DSB [ 3], which would indicate that they would perform better than most previously reported MMIC low noise amplifier (LNA) modules [ 4] , [ 5] . This is based on the assumption that the 183 GHz water vapor line is symmetrical, and both sidebands can be observed. We reported LNA module results NT=390 .. 550K (NF=3.7 .. .4.6 dB) in this band, a significant improvement over the previous results, especially for our application where we need to separate the sidebands for correlation [ 6] . In this current work we demonstrated a noise temperature NT=400 . .450 K (NF=3.8 . .4.1) for a complete I-Q receiver. This is the lowest noise room temperature receiver reported to date at these frequencies. Furthermore the complete receiver operates with Pdc=24mW, weighs 3g and requires a local oscillator power of PLO=+3dBm at 82.5 to 91.5 GHz LO frequency. This is a breakthrough result for the GeoS TAR synthetic thinned aperture radiometer [ 7] , a geostationary all-weather hurricane tracking instrument. It will enable GeoSTAR to provide humidity profiles of the sounding area every 15 minutes with a 25 km resolution.
II. INDIUM PHOSPHIDE MMICs
The receiver development was based on a high performance 35 nm gate length InP HEMT [ 8, 9] . The 35 nm InP HEMT has demonstrated superior d.c. performance, including extremely high transconductance over 2000 mS/mm, sharp pinchoff characteristics and reasonable output conductance. The devices demonstrate a reverse 2-terminal breakdown voltage typically greater than 2V and can also be operated at extremely low voltage and currents with useable device transconductance for MMW applications. The 35 nm InP HEMT has demonstrated fT of over 550GHz and fmax over 1 THz. High frequency circuits based on the 35 nm InP HEMT are fabricated with two levels of metal, MIM capacitors and thin-film resistors on 2-mil thick InP substrates. 35 nm InP HEMTs have been used in sub-MMW integrated amplifier circuits operating as high as 350 GHz for the first time [ 10] .
The noise temperature of the receiver is dictated by the first LNA MMIC. The LNAs were slightly modified from the previously reported LNA MMICs [ 6] . They had three amplifier stages in common source configuration, and passive circuitry was designed with microstrip transmission lines on the 2 mil thick InP material. Fig. 1 shows a photograph of the MMIC LNA. These LNAs were screened for assembly in the receiver modules by on-wafer measurements ( The LNAs provided the low noise and sufficient gain for the receiver modules so that we could implement a MMIC second harmonic I-Q mixer as a resistive balanced mixer. The mixer MMIC was designed in the same 35 nm technology as the LNAs. The quadrature down conversion was implemented with a 90 degree hybrid coupler (Lange coupler) on the RF side of the mixer. This coupler improved the return loss of the mixer and achieved broadband 90 degree phase difference between the two balanced resistive unit mixers. The HEMTs of the mixers had dual gates for balanced LO feed and they operated biased to below channel pinch-off to maximize the second harmonic content in the channel conduction cycle. The RF signals were directed to the unbiased drains of the mixer HEMTs and the IF signals were filtered from the drain contacts. A compact and highly efficient power divider and balun was developed for the LO side. This type of spiral balun 978-1-4244-7732-6/101$26.00 ©201 0 IEEE 498
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and power divider was previously demonstrated in 60 GHz 1-Q mixer [ 11] and now implemented in 180 GHz second harmonic I-Q mixer. The baluns provide a high impedance transmission line match to the capacitive gate contacts of the mixer HEMTs. The power divider is a simple connection of the two slots of the grounded CPW transmission line to the coplanar differential lines of the balun. The low impedance CPW transmission line transforms the low resistive impedance of the mixer gates and balun match to the LO port. Fig. 3 shows a photograph of the mixer MMIC. 
III. RECEIVER DESIGN
We developed both the LNA and mixer MMICs so we were able to design miniature planar receiver modules without waveguide interconnects between the MMICs. We chose to use a commercially available glass leadframe for the high density bias and IF interfaces and designed microstrip to waveguide and interconnect microstrip circuits on 3 mil alumina. A key aspect of the microstrip circuit designs was the matching of interconnect wirebonds on the alumina circuits. The high impedance transmission line of the bond wire and the end capacitances of the microstrip lines create a significant mismatch at 180 GHz. This matching design work was carried out using a 3D electromagnetic simulation tool.
The receiver is a cascade of two LNAs and the I-Q mixer that operates at the second harmonic frequency. At the RF input side there is a perpendicular transition from the WR-05 waveguide to microstrip. The two LNAs after the transition have a combined gain of about 35 to 40 dB, a sufficiently high gain to compensate for the conversion loss of the I-Q mixer. The LO side of the mixer is connected to a microstrip to WR-10 waveguide transition. This transition has also the matching network to compensate for the wirebond. The matching circuits on the alumina substrates and the overall layout of the receiver module is presented in the Fig. 3 . The mass of the receiver module was only 3g. The receiver module had to be mounted on a special testing platform to route the RF and LO signals to the respective waveguide connections, and to connect the bias and IF leads. The testing platform had a straight WR-05 through waveguide for the RF and two right angle waveguide comers to route the reduced height WR-lO LO waveguide. For the WR-05 waveguide connection on the testing platform we used a special miniature waveguide flange that would enable waveguide connections at 6 mm center to center spacing, which was required for the GeoST AR instrument. The testing platform and the mounted receiver module are shown in Fig.  4 . The development of the receiver was completed by design and fabrication of a hom antenna that has a matched beam pattern to the Earth's hemisphere from geostationary orbit (17 degrees), and fits in the required antenna to antenna spacing in the GeoSTAR array. A parabolic potter hom design had the advantage of broad frequency bandwidth and thin walls at the aperture with high hom to hom isolation in a tightly spaced 978-1-4244-7732-6/101$26.00 ©201 0 IEEE 499 interferometric receiver array. The developed hom antenna is shown with the receiver module in Fig. 5 . 
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IV . MEASURED RESULTS
The MMIC receiver testing was performed on the testing platform with the developed hom antenna as the input. This set-up for the noise figure measurement is shown in Fig. 6 . We used an absorber termination as our hot and cold noise source in the V-factor measurements. The hot temperature was the ambient (T= 295 K) and for cold load we dipped the absorber in liquid nitrogen (T=78 K). The noise temperature results are shown in Fig. 7 . for the MMIC receiver. The graph shows noise temperature and noise figure results from 160 to 190 GHz in addition to the gain of the receiver. These data include the hom and the testing platform; we did not remove their losses from the measurement results. The LNAs were biased to a drain voltage ofV d=0.75 V and the total drain current was I d =32 rnA for the two LNAs resulting in total power consumption of Pd c=24 m W for the receiver module. The mixer was biased to below pinch-off, but the mixer gates did not draw current, as is typical for resistive mixers. These results were achieved with a local oscillator power of PLO= + 3dBm, which will result in significant power savings in the LO multiplication and distribution system in the GeoSTAR receiver array. The quadrature downconversion of the receiver was tested with a multiplied signal source connected to the adapter in Fig. 4 . The IF frequency range of the system is from 10 MHz to 500 MHz. The receiver has a flat phase and amplitude response over this IF frequency range (see Fig. 8 ). 
V. CONCLUSION
We demonstrated the lowest noise figure MMIC I-Q receiver at 180 GHz frequency band that operates at room temperature. The receiver has miniature size and very low power consumption and mass, all desirable features for large arrays. Furthermore, the local oscillator power requirements were 978-1-4244-7732-6/101$26.00 ©2010 IEEE 500 very low, which will simplify the LO system development and reduce its power requirements. These developed MMIC receivers will enable the geostationary thinned array radiometer (GeoSTAR) instrument for humidity sounding of the atmosphere and when combined with the 50 or 118 GHz array, both humidity and temperature sounding at unprecedented temporal coverage.
